Abstract Secretory immunoglobulin A (SIgA) reaches the airway lumen by local transcytosis across airway epithelial cells or with tracheobronchial submucosal gland secretions. In chronic obstructive pulmonary disease (COPD), deficiency of SIgA on the airway surface has been reported. However, reduction of SIgA levels in sputum and bronchoalveolar lavage (BAL) fluid has not been consistently observed. To explain this discrepancy, we analyzed BAL fluid and lung tissue from patients with COPD and control subjects. Immunohistochemical analysis of large and small airways of COPD patients showed that MUC5AC is the predominant mucin expressed by airway epithelial cells, whereas MUC5B is expressed in submucosal glands of large airways. Dual immunostaining with anti-IgA and anti-MUC5B antibodies showed reduction of IgA on the airway surface as well as accumulation of IgA within MUC5B-positive luminal mucus plugs, suggesting that luminal SIgA originates from submucosal glands in COPD patients. We found that the concentration of SIgA in BAL is inversely correlated with forced expiratory volume in 1 s (FEV 1 ) in COPD, but that the ratio of SIgA/MUC5B is a better predictor of FEV 1 , particularly in patients with moderate COPD. Together, these findings suggest that SIgA production by submucosal glands, which are expanded in COPD, is insufficient to compensate for reduced SIgA transcytosis by airway epithelial cells. Localized SIgA deficiency on the surface of small airways is associated with COPD progression and represents a potential new therapeutic target in COPD.
Introduction
Each breath exposes the lungs to thousands of airborne antigens, pathogens, and smaller particles (<6 μm) which can be delivered to and deposited in distal airways [1, 2] , rendering these areas susceptible to immunologic, infectious, or toxic injury, respectively. To protect the airways from these environmental challenges, the airway epithelium represents the first line of mucosal host defense. In addition to facilitating mucociliary clearance and producing antimicrobial peptides, airway epithelial cells participate in humoral immune host defense by transporting polymeric immunoglobulins (predominantly secretory IgA [SIgA] ) to the mucosal surface via transcytosis [3] [4] [5] .
These immunoglobulins serve as a core component of the adaptive humoral immune response. Structurally, SIgA consists of a secretory component (SC) and two or more IgA monomers joined by a J chain. IgA monomers and J chains are synthesized and assembled to polymeric IgA (pIgA) by subepithelial plasma cells, whereas SC is derived from polymeric immunoglobulin receptor (pIgR) expressed in ciliated cells of bronchial epithelium or glandular cells of submucosal glands. Selective binding of the J chain to pIgR and subsequent transcytosis of pIgR-pIgA complexes across airway or submucosal glandular epithelia represent the basic mechanism of SIgA secretion [6] [7] [8] [9] [10] . After transport to the mucosal (airway) surface, pIgR is cleaved and the SC remains attached to IgA to form SIgA. SIgA supports mucosal host defense by immune exclusion and prevention of adherence or invasion of the airway mucosa by foreign antigens and microorganisms [11] [12] [13] [14] .
In chronic obstructive pulmonary disease (COPD), the airway epithelium is structurally and functionally abnormal and unable to maintain a normal mucosal immune barrier. In addition to impairment of mucociliary clearance mechanisms, airway epithelium in COPD is characterized by decreased expression of pIgR [15, 16] , resulting in deficiency of SIgA on the mucosal surface of both large and small airways [16] . However, we demonstrated that pIgR continues to be expressed in submucosal glands of COPD patients [16] . Although we showed that SIgA levels are reduced in bronchoalveolar lavage (BAL) fluid from patients with severe COPD [16] , others have shown that SIgA levels in BAL from mild/moderate COPD are not reduced [17, 18] and both SC/ pIgR and SIgA levels are paradoxically elevated in sputum from patients with COPD [19] . We hypothesized that the explanation for these apparently contradictory findings is that expansion of submucosal glands in COPD results in increased SIgA secretion by these glands; however, SIgA released from submucosal glands does not distribute on the airway surface to provide a normal immune barrier. Rather, SIgA from submucosal glands remains primarily within mucus clumps and plugs, leaving the airway surface unprotected. Thus, SIgA levels in the airways may remain within the normal range but the SIgA barrier is dysfunctional, even in mild and moderate COPD. To investigate this hypothesis, we measured SIgA levels on the airway surface and in the airway lumen by BAL and correlated these findings with mucus proteins (MUC5B and MUC5AC) produced preferentially in either mucosal glands or airways of COPD patients.
Methods

Lung tissue specimens
Lung tissue specimens were collected from lifelong nonsmokers and former smokers with or without COPD. Tissue specimens from 30 lifelong non-smokers without known lung or cardiovascular diseases and 6 former smokers without COPD were obtained from donor lungs which were not used for lung transplantation. Tissue specimens from 10 former smokers without COPD and 22 patients with mild and moderate COPD (Global initiative for chronic Obstructive Lung Disease (GOLD) stage I-II) were obtained from lungs resected for solitary tumors, whereas tissue specimens from 32 patients with severe and very severe COPD (GOLD stage III-IV) were obtained from explanted lungs of transplant recipients. To standardize histological and morphometrical analyses, tissue specimens of large airways were obtained from segmental or subsegmental branches in each case. Lung parenchyma from the same region was then used to identify and analyze small airways. Only membranous airways with <2 mm in diameter were selected for analysis.
The severity of airflow obstruction was determined by forced expiratory volume in 1 s (FEV 1 ) and FEV 1 /forced vital capacity (FVC) measurements according to GOLD criteria [20, 21] . All individuals included in this study had abstained from smoking for >1 year ( Table 1 ). The study was approved by the Institutional Review Board of Vanderbilt University.
Airway histology and immunohistochemistry
Paraffin sections (5 μm) were cut from each tissue block. Two serial sections from each tissue block were stained with hematoxylin and eosin (H&E) for routine histologic evaluation or the periodic acid-Schiff (PAS) reaction for detection of mucus. Double immunofluorescent immunohistochemistry (IHC) was performed using two different pairs of primary antibodies-IgA and pIgR or MUC5AC and MUC5B. Primary antibodies used were rabbit polyclonal for IgA (A0262, DakoCytomation, Carpinteria, CA) and MUC5B (ABIN739920, Antibodies-online, Atlanta, GA) or murine monoclonal for pIgR (clone SC-05, Abcam Inc., Cambridge, MA) and MUC5AC (clone CLH2, MAB2011, EMD Millipore Corporation, Billerica, MA). Secondary anti-rabbit or anti-mouse antibodies were labeled with fluorescein isothiocyanate (FITC) or Cy3, respectively (Jackson ImmunoResearch Laboratory). The murine monoclonal antipIgR antibody demonstrated consistent staining on the basolateral surfaces rather than the apical surfaces of ciliated epithelial cells, suggesting that the antibody binds only pIgR, and not the SC of SIgA molecules. The specificity of IHC was verified using an antibody isotype control replacing the primary antiserum with an identical concentration of nonimmunized mouse or rabbit serum (Invitrogen Corporation, Camarillo, CA).
Histomorphometry
Areas of bronchial mucosa involved by goblet cell hyperplasia were determined by measuring the total circumference of the basement membrane and the length of basement membrane subjacent to epithelium with goblet cell hyperplasia on consecutive non-overlapping images of bronchial mucosa. To determine submucosal gland volume density in large airways, the area of each individual submucosal gland was measured. Total glandular area (VV glands ) was summed and then divided by the length of the reticular basement membrane (RBM).
In small airways, IgA quantification was performed by measurement of IgA-specific fluorescent signal. One tissue section from each block was immunostained with primary antibodies against IgA using fluorescent labeling (FITC). Digital images of individual small airways (less than 2-mm diameter) were captured with the same magnification (×10 objective) and the same digital camera settings. Intensity of IgA-specific fluorescent signal was measured in eight spots equally spaced along the circumference of the epithelial surface (by 45°angle). Intensity of fluorescent signal was measured in actual pixel value (apv) using the line profile to obtain a plot of actual intensity values of a single perpendicular line crossing the mucosal layer localized on epithelial surface. Average intensity was calculated for each individual airway and each study participant.
Percent of airways containing luminal mucus plugs was also calculated. We analyzed 1514 small airways, including 449 airways in lifelong non-smokers, 275 airways in former smokers without COPD, 296 airways in former smokers with mild and moderate COPD, and 492 airways in former smokers with severe and very severe COPD.
Immunofluorescence images were captured using an Olympus IX81 Inverted Microscope with Spinning Disc Confocal Configuration (Olympus, Tokyo, Japan). Images of large and small airways were captured using Olympus microscope and DP71 digital camera (Olympus, Tokyo, Japan). All morphometric measurements were made by calibrated image analysis with standard Image-Pro Express software (Media Cybernetics, Silver Springs, MD). (Table 1) . BAL fluid was recovered using 150 ml (3×50 ml) normal saline lavage with the bronchoscope wedged in the anterior segment of the right upper lobe. The second and third returns were collected as small airway and alveolar lavage, and then used in this study. Collected fluids were centrifuged at 300×g for 10 min at 4°C and the supernatant was immediately frozen at −80°C. SIgA and MUC5B concentrations were measured using specific enzyme-linked immunosorbent assays (ELISA).
For quantification of SIgA, we used rabbit polyclonal antiIgA antibody (1:1000, #A0262, DakoCytomation, Carpinteria, CA) as coating antibody and goat polyclonal anti-SC/pIgR antibody (1:5000, #AF2717, R&D Systems, Minneapolis, MN) as detecting antibody. Ten microliters of each BAL sample was diluted fivefold with bicarbonatecarbonate buffer, placed in triplicate in 384-well plate and incubated for 2 h. Horseradish peroxidase (HRP)-conjugated donkey anti-goat polyclonal antibody (1:5000, #PA1-28664, Thermo Scientific, Rockford, IL) was used for detection. Pooled normal human colostrum SIgA was used for calibration (InvivoGen, San Diego, CA).
To measure MUC5B concentration, 10 μl of each BAL sample was diluted fourfold with bicarbonate-carbonate buffer, placed in triplicate in 384-well plate and then incubated overnight at 4°C. To detect MUC5B, mouse polyclonal anti-MUC5B antibody (1:1000, #H00727897-A01, Abnova, Walnut, CA) was used. Then, the plate was incubated with HRP-conjugated goat anti-mouse polyclonal antibody (1:5000, #31432, Thermo Scientific, Rockford, IL). Human MUC5B recombinant protein (#H00727897-Q01, Abnova) was used for calibration. Because we used non-glycosylated recombinant protein as a standard, relatively low level of MUC5B was detected by using this assay.
Color reaction was performed with developing TMB substrate solution (Clinical Science Products, Mansfield, MA) and terminated with 1 M H 2 SO 4 stop solution. All procedures were performed at room temperature. Absorbance was read at 450 nm.
Statistical analysis
Results are presented as medians and inter-quartile range. A non-parametric Wilcoxon rank-sum test was applied for comparisons between study groups. Correlations were assessed using a Spearman test. p values <0.05 were considered significant in two-tailed hypothesis tests.
Results
Total luminal content of SIgA does not correlate with airway surface SIgA deficiency in COPD Similar to our previous report [16] , we found that IgA-specific fluorescence intensity on the epithelial (mucosal) surface of small airways showed reduction of SIgA in patients with COPD compared to control subjects ( Fig. 1a ; p <0.01). However, levels of SIgA in BAL samples from patients with mild/moderate COPD were not significantly different from former smokers without COPD, while patients with severe COPD showed reduced BAL SIgA concentration ( Fig. 1b; p<0.01). Together, these data point to a discrepancy between airway SIgA concentration measured in BAL compared with the SIgA barrier present on the airway surface.
SIgA secretion in submucosal glands does not compensate its surface deficiency in airways
Evaluation of large airways showed goblet cell hyperplasia and enlargement of submucosal glands in patients with COPD compared to non-diseased control subjects (Fig. 2) . We defined goblet cell hyperplasia as the ratio of goblet cells to total airway surface epithelial cells ≥1:2 (this ratio typically varies from 1:8 to 1:20 in normal airways [22] [23] [24] . In contrast to the progressive increase in goblet cell hyperplasia with disease severity, enlargement of submucosal glands was compared to former smokers without COPD and COPD patients with mild-to-moderate disease severity (GOLD stage I-II). *p < 0.01 compared to former smokers without COPD and former smokers with mild/moderate COPD similar in patients with mild/moderate and severe COPD (Fig. 2d) .
Next, we performed IHC analysis of serial tissue sections for IgA, pIgR, MUC5AC, and MUC5B. In both lifelong non-smokers and former smokers without COPD, we observed expression of pIgR along the basolateral surfaces of ciliated epithelial cells and the presence of IgA on the mucosal surface, indicative of an intact SIgA immune barrier. Expression of pIgR was also detected in glandular epithelial cells of serous acini of submucosal glands. Most goblet cells of the airway epithelium were positive for MUC5AC, with fewer goblet cells positive for MUC5B or both mucins. In submucosal glands, mucous acini contained mainly MUC5B-positive cells (Fig. 3a) . In contrast, goblet cells on the airway surface of COPD patients expressed only MUC5AC, whereas mucous acini of submucosal glands exclusively expressed MUC5B (Fig. 3b) . While pIgR expression by airway epithelial cells and surface SIgA levels were markedly reduced, pIgR expression was preserved in serous glandular cells and IgA was detectable in MUC5B-positive mucus within collecting ducts. Luminal mucus in large airways was positive for MUC5B (Fig. 3b) .
As shown in Fig. 4a , most small airways from lifelong nonsmokers were characterized by widespread pIgR expression in airway epithelial cells and IgA accumulation on the epithelial surface. Similar findings were present in former smokers without COPD (data not shown). In contrast, small airways from patients with COPD were characterized by goblet cell metaplasia and SIgA deficiency on the mucosal surface. While SIgA was reduced on the surface of small airways in COPD patients, SIgA was present in mucus plugs within these airways and the percentage of small airways containing mucus plugs increased with disease severity (Fig. 4b, c; p<0.05) . Analysis of mucins in airway plugs showed the exclusive presence of MUC5B as well as SIgA (Fig. 4a, right panels) ; however, MUC5AC was expressed by epithelial goblet cells.
Together, these data demonstrate that luminal mucus plugs in COPD likely originate from submucosal glands and SIgA secreted from submucosal glands remains sequestered within these mucus plugs.
Relationship of bronchial mucosal SIgA deficiency with mucus dysfunction in COPD
Measurements of SIgA in different clinical samples (tissue sections vs. BAL fluid) showed that airway surface SIgA deficiency in patients with mild and moderate COPD was not associated with significant changes in total luminal SIgA levels. Scatterplots of SIgA concentrations in BAL samples and FEV 1 show that despite a significant positive correlation coefficient (r=0.519, p<0.001), some patients with moderate COPD had unexpectedly high SIgA levels (Fig. 5a) . We measured MUC5B in BAL samples and documented progressive elevation with increasing disease severity ( Fig. 5b; p<0.05) . To explain the outliers with SIgA elevation out of proportion to FEV 1 , we analyzed MUC5B concentration in BAL from the moderately severe COPD patient group and found a significant elevation of MUC5B in the eight patients with high SIgA levels ( Fig. 5c; p<0.01 ). Based on these observations, we propose that elevation of luminal SIgA in these patients results from increased delivery of submucosal gland secretions. Therefore, we calculated an SIgA/MUC5B index and related this parameter to FEV 1 . Compared to SIgA levels Fig. 3 Relationship of mucus dysfunction and surface SIgA deficiency in large airways in COPD. a Airway surface epithelium (top row) and submucosal gland (bottom row) from a lifelong non-smoker. Normalappearing, pseudo-stratified epithelium shows expression of pIgR on basolateral surface of ciliated cells (insert, red) and SIgA on the mucosal surface (green); goblet cells are positive for MUC5AC, MUC5B, or both mucins. Expression of pIgR in serous acini and predominant production of MUC5B in submucosal glands is also demonstrated. b Airway surface epithelium (top row) and submucosal gland (bottom row) from a patient with severe (GOLD stage III) COPD. Downregulation of pIgR expression in airway epithelial cells (insert, red) is associated with reduced SIgA expression on the mucosal surface (green). Goblet cells of surface airway epithelium are positive for MUC5AC, but not for MUC5B. Both SIgA and MUC5B, but not MUC5AC, are detected in luminal mucus plugs. Expression of pIgR is retained in some serous acini of submucosal glands, whereas MUC5B is the predominant mucin expressed in mucus acini of submucosal glands. Note collecting ducts (d) filled with IgA and MUC5B-positive secretions. Left column PAS-stained tissue sections, middle column double immunostain with primary antibodies against IgA (green) and pIgR (red), right column double immunostain with primary antibodies against MUC5B (green) and MUC5AC (red). Confocal microscope images, ×100; inserts ×400 alone, we identified improved correlation between these parameters ( Fig. 5d; r=0 .519 vs. r=0.674).
Discussion
Our results provide new information about the nature of bronchial mucosal SIgA deficiency in COPD. While pIgRmediated transcytosis across airway surface epithelium was reduced, we demonstrated that SIgA secretion from tracheobronchial submucosal glands is intact. However, SIgA from submucosal glands is unable to compensate for the airway surface deficiency. Airway luminal mucus aggregates and mucus plugs in small airways appear to originate from tracheobronchial submucosal glands of more proximal airways and SIgA secreted from submucosal glands remains trapped within luminal mucus plugs. SIgA in mucus plugs fails to distribute along the airway mucosal surface and therefore does not result in an intact airway SIgA barrier in COPD. The airway epithelium generates the first line of mucosal host defense by facilitating mucociliary clearance, producing antimicrobial peptides and proteins, and transporting immunoglobulins to the airway surface [3] [4] [5] . In normal conditions, inhaled particulates and microorganisms are trapped in surface mucus, agglutinated by specific SIgA, and then removed via mucociliary escalator. In this study, we focused on SIgA due to its high specificity to antigens and its unique function which cannot be compensated by other host defense components. Here, we demonstrated a link between airway mucus dysfunction and surface SIgA deficiency. Optimal production and effective clearance of mucus are essential for lung health, whereas mucus dysfunction occurs in virtually all inflammatory lung diseases [25, 26] . Increased mucus production in COPD has deleterious consequences for airway health, including mucus plugging and infection [24, 26] . Whereas healthy mucus is a gel with low viscosity and elasticity, pathologic mucus in COPD loses these properties due to increased solid content, up to 15 % in COPD compared to 3 % in normal [24, 25] . We speculate that the disproportionate increase of mucous acini in submucosal glands [27, 28] and dehydration of airway mucosa [29] [30] [31] are additional factors predisposing to mucus dysfunction in COPD. As a result, mucus secreted from submucosal glands in COPD forms sticky plugs and does not distribute on the epithelial surfaces of airways. We further speculate that widespread epithelial remodeling [27, 32] and malfunction of the ciliary clearance apparatus [33, 34] are also responsible for mucus stasis and ineffective mucus plug removal from airways in patients with COPD. Our finding that the number of small airways with mucus plugs increases with disease severity suggests a direct link between mucus plugging and airflow limitation in patients with COPD.
Mucus dysfunction in COPD affects the function of the SIgA immune system. This conclusion is based on the histological findings of MUC5B expression exclusively in submucosal glands and co-localization of IgA and MUC5B within the collecting ducts of submucosal glands and mucus plugs within airway lumina. We suggest that SIgA secreted from submucosal glands remains trapped within luminal mucus plugs, does not distribute properly on bronchial mucosal surface, and does not compensate for deficient surface SIgA resulting from limited transcytosis across airway epithelium. These findings would also explain the apparent discrepancy between measurements of SIgA levels in different clinical samples (tissue specimens vs. BAL). In mild and moderate COPD, SIgA secreted by submucosal glands increases total luminal SIgA content and is detectable within BAL fluid, masking the presence of surface SIgA deficiency in small airways. In severe COPD, with more profound surface SIgA deficiency, the total luminal content of SIgA decreases such that it is also reduced in BAL fluid.
Since small airborne particles (<6 μm) can be delivered to the transitional region of small airways and deposited there [1, 2] , the functional status of mucosal host defense mechanisms plays a critical role in the protection against these antigenic challenges. Chronic bombardment of defenseless epithelium in COPD by inhaled antigens and pathogens can damage airway epithelial cells and lead to activation of pro-inflammatory signaling and release of pro-inflammatory mediators, thus promoting airway inflammation [35, 36] . Correlations of SIgA deficiency on the surface of small airways with immune/ inflammatory cell accumulation, airway wall fibrous remodeling and airflow limitation in COPD [16] support our concept that surface SIgA deficiency in COPD seriously compromises mucosal host defense mechanisms and might be responsible for persistent inflammation and remodeling in susceptible humans even after smoking cessation. A better understanding of the mechanisms by which the airway epithelium maintains an effective immunobarrier could lead to development of new therapeutic strategies for COPD targeting mucus overproduction, impaired mucociliary clearance, and abnormal immune barrier function.
